Abstract-This paper presents a novel integrated III-V semiconductor waveguide modulator specially designed to generate optical delays of several hundred micrometers. This is achieved by simultaneous propagation of transverse electric (TE) and transverse magnetic (TM) lowest order modes in an original layered waveguide exhibiting a group birefringence greater than 0.02 at 1.3 m. The device has 40% contrast, a switching voltage of 7 V with a 10-mm long electrode and is suitable for transmission and multiplexing of signals by coherence modulation of light in an optical fiber network powered by a short coherence source such as a superluminescent diode.
I. INTRODUCTION
C OHERENCE multiplexing is an interesting technique for simultaneous transmission of several signals by a single optical fiber [1] . This modulation scheme is based on the introduction of optical delays larger than the coherence length of the broad-band source employed [2] . Demonstrations of the method have been reported first using birefringent slabs and bulk electrooptic devices [3] , then by the realization of integrated configurations on a single LiNbO 3 chip [4] . To date, however, monolithic integration of complex electrooptic circuits requires the use of semiconductor material platforms.
In this paper we present the first III-V semiconductor integrated coherence modulator capable of achieving the modulation process together with the generation of large optical delays by use of form birefringence in a layered-core optical waveguide and electrooptic effect in GaAs-GaAlAs. Our original layered structure consists of GaAs, AlAs and Ga 0.7 Al 0. 3 As layers grown by molecular beam epitaxy (MBE). It exhibits a high birefringence (greater than 0.02) at 1.3 m and achieves modulation via Pockels effect with a low half-wave voltage.
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II. BIREFRINGENT MODULATOR STRUCTURE
III-V compounds such as GaAs exhibit negligible birefringence but thin GaAs-AlAs multilayers behave like optically negative uniaxial crystals and can have birefringence 1000 times larger than bulk GaAs, of the same magnitude than LiNbO 3 (0.084 at 1.3 m) [5] . Indeed in multilayer stacks the boundary value problem [6] leads to a dielectric anisotropy known as form birefringence [7] . In such a layered waveguide, transverse electric (TE) and transverse magnetic (TM) polarization modes present different effective indexes and guiding conditions. In a layered waveguide the solutions of Maxwell's equations consist of combinations of TE and TM polarization modes having the electric vector, respectively, parallel and orthogonal to the layer plane. Consider a laminar structure of alternating GaAs and AlAs layers with dielectric constants and and thicknesses and . Respectively, the effective dielectric constants of the whole structure in the limit are
where first-order corrections due to finite film thickness are neglected. This dielectric anisotropy known as form birefringence is due to the boundary value problem [8] . Indeed for the TE modes the fields are of equal amplitudes in two adjacent layers whereas for the TM modes the field amplitude in the GaAs layer is lower than in the AlAs layer, reduced by a factor of . This leads to and as a result the multilayer behaves like a negative optically uniaxial crystal.
In such a layered structure surrounded by bulk cladding of suitable alloy composition only TE modes are guided while TM ones are radiated to the substrate. On the other hand, an alloy guide with multilayer cladding will guide TM modes and radiate TE modes to the substrate. This property directly results from the form birefringence as shown in Fig. 1 . In Fig. 1(a) the effective indexes of TE and TM modes are, respectively, above and below the refractive index of the corresponding average alloy (which is greater than the refractive index of the cladding) as can be derived from (1) and (2). Thus, the higher the birefringence the closer the effective indexes to the layers' refractive indexes. Effective indexes of TM modes become lower than the cladding index resulting in radiation to the substrate while TE modes are guided since their effective indexes are greater than the cladding index. In Fig. 1(b) we consider the reverse case which can be explained similarly. It seemed to us that an efficient way of guiding both TE and TM modes with good confinement lies in the design of a structure made up of alternating multilayers and alloy parts guiding TE and TM modes, respectively.
Our original structure, presented in Fig. 2 , is a W-shaped five-layer optical waveguide achieving monomode operation with a thickness compatible with end-coupling and microlensed fiber-optic coupling. The undoped 2 m-thick layered core is sandwiched between two 0.2 m-thick AlAs confinement layers, it is separated from the n -doped GaAs substrate by a 2 m-thick n -doped Ga 0.7 Al 0.3 As lower cladding and topped by a 0.3 m-thick undoped Ga 0.7 Al 0.3 As upper cladding. The waveguide core consists of ten 100 nm-thick multilayer parts alternating with ten 100 nm-thick Ga 0.7 Al 0.3 As alloy parts. Each multilayer part includes a single AlAs layer sandwiched between two GaAs layers, the large index difference between these layers creating the high birefringence. Relative thicknesses of GaAs and AlAs layers smoothly vary throughout the core and create a symetrical average index graduality which, associated with the alloy parts, enhances confinement [8] . Numerical simulations based on transfer matrix formalism [9] and published index data for GaAlAs compounds [10] indicate that TE and TM modes both exhibit confinement factors greater than 0.99 with a birefringence equal to 0.0218 at a wavelength of 1.285 m which results in the introduction of an optical path difference of 21.8 m per mm of propagation in the waveguide. The good confinement results from the use of multilayer and alloy parts whereas the high birefringence reflects the great index difference between GaAs and AlAs layers experienced by the fields at each boundary.
Devices were grown on a [100]-oriented -doped substrate by MBE. The 8 m-wide ribs were photolithographically patterned and then dry-etched with a depth of 0.5 m through reactive ion etching (RIE). The samples were then coated with spin-on glass (SOG) for passivation and protection. A backplane AuGe-Ni-Au electrode was sputtered and annealed at 450 C for 1' and, after removal of the SOG on the ribs, 10 mm-long 100 m-wide Ti-Au electrodes were deposited on the device by electron-beam evaporation as can be seen on Fig. 3 .
III. PRINCIPLE OF OPERATION AS COHERENCE MODULATOR
The principle of operation of our coherence modulator will now be explained. The light field of a CW broad-band source, such as a superluminescent diode (SLD), emitting a spectral band of width can be modeled as wave groups with coherence length where is the center wavelength [7] . Such a light field launched in the device with a polarization direction oriented at 45 relative to the two transverse waveguide axes generates the TE and TM fundamental modes through projection. These modes propagate in the waveguide with different velocities thus introducing a phase difference (3) where is the device length (11 mm). When a voltage is applied between the rib and backplane electrodes the vertical electric field modifies the phase of the TE wave via the coefficient of the electrooptic tensor and adds a phase difference (4) where is the electrode length (10 mm), the thickness of the undoped region (2.5 m) and is the overlapping coefficient between the light field and the electric field [11] . After propagation, the two TE and TM modes are projected along the 45 polarization direction of an output polarizer. The phase difference between the two output fields results from the addition of the offset term and the voltage-dependent term:
. The optical path delay induced by the modulator is thus . The energy at the modulator output is given by the addition of the interference patterns produced by each of the spectral components of the broad-band source. The total intensity in the output plane is (5) where is the source power-spectrum, the overlapping coefficient between the TE and TM modes and the wavenumber. Assuming for instance a Gaussian powerspectrum for the source (6) with and and being respectively the spectral width, the center wavelength and the power of the source, (5) becomes (7) This expression shows that the energy transmitted by the modulator together with the output polarizer is composed of a uniform background of and a superimposed modulation term. As described elsewhere [2] , [12] the working conditions of coherence modulation are fulfilled when this modulation term is much smaller than the uniform background. The modulation depth described by the exponential term in (7) must thus be negligible. Assuming the ideal case of a perfect overlapping of the TE and TM modes, i.e., , a 20 dB modulation depth is obtained with an optical path difference (8) For example, when illuminated by a broad-band source with a coherence length m, the modulator should be designed to introduce an optical delay larger than 55 m. The offset optical delay being greater than the coherence length of the source, TE and TM modes are mutually incoherent, no interference occurs at the modulator output and no intensity modulation is produced. This is one of the key points which enables signal multiplexing through suitable optical delays provided by a cascade of modulators set in series [2] .
Demodulation is carried out by an interferometer whose optical delay is adjusted to the offset optical delay of the coherence modulator used at the emission process. This demodulator can be a similar GaAs-GaAlAs birefringent waveguide or a Mach-Zehnder fiber interferometer, for example [13] . The energy at the interferometer output is then proportional to the driving voltage applied to the modulator
The modulation depth is thus which means that the optimal modulation depth (or fringe visibility) achievable through coherence modulation is 50% [4] .
IV. EXPERIMENTAL RESULTS
We used a SLD operating at m with a spectral width of nm at , yielding a coherence length m. Fig. 4 presents the spectral analysis of the light transmitted by the modulator. The pattern provided by the spectrum analyzer is a channeled spectrum, as expected, and measurement of the free spectral range (FSR nm) gives us the optical path difference FSR. Our device introduces 227 m of optical path delay and thus fullfills the working conditions of coherence modulation. This large optical path difference corresponds to a high birefringence which differs by only 6% from the result of our simulations. This is group birefringence since, as we consider a broad-band light source, the path difference is related to the group delay and not only to the phase delay as we measured in previous work [8] .
The modulator working in a transparency region exhibits losses lower than 1 dB.cm 1 . Since we suppose an ideal overlapping coefficient of between TE and TM modes, the ratio ( 13 dB measured on Fig. 4 ) allows us to determine the difference between the losses of the two polarization modes [14] . It is related to by losses dB (10) and we find its value to be 4.0 dB. Indeed in the rib the TE mode is less confined horizontally than the TM mode due to a lower effective index step. We applied a negative sawtooth input signal with a peak-topeak amplitude of 30 V to the electrodes of our device used as a coding modulator. The decoding module consisted of two quartz slabs introducing a total optical path difference of 217 m quasi-matched to the offset optical delay of the modulator. The output light transmitted by the birefringent slabs was sent to a photodetector and the detected signal thus obtained gives the modulation transfer function presented in Fig. 5 . The halfwave voltage is measured to be V which agrees with calculations assuming a good overlapping between optical and electrical field for m, and m V . We also measured maximum and minimum voltages (relatively to the baseline) of 62 and 32 mV which give a contrast . The slight optical delay difference of m between the demodulator and modulator reduces the contrast by a factor Fig. 5 . Detected output signal versus input signal. The vertical axis is proportional to the detected energy at the output of the quartz slabs. The horizontal axis is proportional to the driving signal applied to the coherence modulator (5 V/div). The signal contrast is C = 39%, and the half-wave voltage is V = 7 V. [4] . This means that the real contrast of our device is to be compared with the ideal case of 50%.
The device was finally mounted on a coaxial microwave test-fixture and -parameter measurements were performed using an HP8510 network analyzer. The characteristic impedance and the propagation constant have been extracted from the chain-matrix of the modulator considered as a transmission line. The measured attenuation factor increases with frequency and is equal to 0.54 dB GHz 1 cm 1 above 2 GHz. The phase velocity is derived from the imaginary part of and increases with frequency. The characteristic impedance exhibits a real part of about 10 while the imaginary part increases with frequency due to the microwave losses. Indeed as frequency increases a larger portion of the signal's energy is confined in the lossy dielectric substrate and losses increase proportionally. The resulting 3 dB bandwidth of the modulator is about 600 MHz and can be improved by a careful design of the structure and its electrodes.
V. CONCLUSION
We have reported the first GaAlAs-GaAs integrated coherence modulator whose principle of operation is based on the simultaneous propagation of TE and TM modes in a specially designed rib waveguide. These propagate at different velocities due to the strong group birefringence induced by the multilayer nature of the waveguide core. The resulting retardation is of about 20 m per mm of device length and is large enough to yield optical delays larger than the coherence length of a broad-band source. The low-loss modulator exhibits a good contrast of 39% (against 50% for the ideal case) and operates at a half-wave voltage of 7 V with a 600 MHz bandwidth. These features are far better than those of bulk coherence modulators [3] which exhibit half-wave voltages around 200 V with bandwidths lower than 10 MHz. They are of the same order than those of LiNbO 3 integrated coherence modulators [4] which exhibit a larger optical retardation of 80 m per mm of device length but do not allow monolithic integration of several devices in a complex electrooptic circuit. Our novel coherence modulator can thus work as a coding and decoding module and is a key device for transmission systems based on coherence modulation. More generally, highly birefringent structures like the one studied herein could be appplied to other functions which deal with the polarization of guided light.
